Growth hormone (GH) is an underappreciated but important regulator of T cell development that can reverse age-related declines in thymopoiesis in rodents. Here, we report findings of a prospective randomized study examining the effects of GH on the immune system of HIV-1-infected adults. GH treatment was associated with increased thymic mass. In addition, GH treatment enhanced thymic output, as measured by both the frequency of T cell receptor rearrangement excision circles in circulating T cells and the numbers of circulating naive and total CD4 + T cells. These findings provide compelling evidence that GH induces de novo T cell production and may, accordingly, facilitate CD4 + T cell recovery in HIV-1-infected adults. Further, these randomized, prospective data have shown that thymic involution can be pharmacologically reversed in humans, suggesting that immune-based therapies could be used to enhance thymopoiesis in immunodeficient individuals.
Introduction
Infection with HIV-1 is frequently characterized by T cell loss and an increased risk of illness or death from infection. Upon provision of effective antiretroviral therapy (ARV), many patients experience a rapid decrease in circulating viral load and an increase in circulating CD3 + CD4 + T cells (herein referred to as CD4 + T cells). Nevertheless, a considerable number of individuals retain persistent quantitative and qualitative immune defects despite ARV treatment (1) (2) (3) (4) (5) (6) . In 10%-15% of ARV recipients, decreases in viral load are not associated with substantial gains in the CD4 + T cell count. Likewise, an increase in the CD4 + T cell count is not always associated with reconstitution of a fully diverse TCR repertoire, and despite successful treatment with ARV, "holes" in the TCR repertoire may facilitate the persistence of infection with opportunistic pathogens or HIV-1 (1, (7) (8) (9) (10) .
The thymus is the primary site of de novo T cell production, and its function may be a pivotal factor in determining the potential for T cell recovery in immunodeficient individuals. Although the thymus was once thought to be active only early in life, a thymic reserve appears to persist into adulthood (11, 12) , and its function may increase in the setting of lymphopenia induced by chemotherapy (13, 14) or HIV-1 disease (15) . Studies of T cell reconstitution after lymphopenia demonstrate that a greater abundance of thymic tissue is associated with improved recovery of total and naive CD4 + T cells (2, (16) (17) (18) (19) (20) , increased frequency of TCR rearrangement excision circles (TRECs) (11, 21, 22) , and increased TCR repertoire diversity (21, 23) . Thus, therapeutic agents that stimulate thymic function may improve the quantity and quality of immune reconstitution during HIV-1 infection.
Growth hormone (GH) and its proximal mediator, IGF-1, are important in mammalian thymopoiesis (24) . Administration of GH or IGF-1 reverses thymic involution and enhances thymopoiesis in aged rodents (25) (26) (27) and accelerates immune reconstitution in immunodeficient animals (28, 29) . Previously, we hypothesized that therapies to enhance human thymopoiesis might facilitate immune restoration in HIV-1 disease. Based on findings from animal studies, we examined the effects of GH on the thymus of 5 HIV-1-infected adults receiving GH as part of a lipodystrophy study (30) and found promising evidence of enhanced thymic function (31) . However, interpretation of these findings was limited considerably by the small number of participants and the absence of an internal control arm. Also, because participants were recruited for the presence of HIV-1 lipodystrophy, a condition known to be associated with GH deficiency (32) , it is possible that response to GH was based upon underlying endocrinologic derangement. We now report findings of a prospective randomized study designed specifically to assess GH effects on thymopoiesis in HIV-1-infected adults with persistently low CD4 + T cell counts despite virologic suppression with effective ARV. controls who crossed over to receive GH in the second year. Unlike the changes-from-baseline analysis, this analysis accounted for early dose reduction or discontinuation of GH.
GH treatment is associated with increased thymic mass and frequency of TRECs. CT scans of the thymus, obtained at baseline and at 6 and 12 months, were analyzed by a thoracic radiologist who performed quantitative computer-based analysis to calculate thymic volume and density (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI32830DS1). At baseline, all participants had thymic involution with Hounsfield unit (HU) density measurements indicative of replacement of the thymus by adipose tissue ( Figure 2 and Table 1 ). At 6 months, dense tissue appeared prominently in GH recipients, consistent with cellular thymus (Figure 2 , A and B, far-right column). Thymic density increased significantly in the GH arm, compared with that in observational controls, as shown by changes-from-baseline analysis (+50 HU versus +1.0 HU; P = 0.0005) ( Figure 3A and Table  2 ). Comprehensive regression analysis confirmed strong effects of GH treatment on thymic density (41.0 HU higher versus no GH; P < 0.0001) ( Figure 3C , left, and Table 3 ).
To determine whether increased thymic density reflected enhanced thymopoiesis, we measured TRECs within PBMCs, naive CD3 + CD4 + CD45RA + CD62L + T cells (NCD4 cells), and naive CD3 + CD8 + CD45RA + CD62L + T cells (NCD8 cells) T cells. At 6 months, the frequency of PBMC TRECs was 39% higher in the GH arm and 2.2% lower in observational controls (P = 0.068), as shown by changes-from-baseline analysis. This difference persisted at 12 months but was not statistically significant ( Figure 3B and Table  2 ). Comprehensive regression analysis, including crossover GH treatment of observational controls, demonstrated a 102% increase in the frequency of PBMC TRECs over 12 months of GH treatment (P = 0.007 versus no GH) ( Figure 3C , right, and Table 3 ). Although changes-from-baseline analysis also showed that the frequency of NCD4 TRECs was increased after 6 and 12 months of GH therapy (Table 2) , this difference was not statistically significant. Moreover, comprehensive regression analysis showed no increase in naive T cell TREC frequency. In fact, these regression models estimated that 1 year of GH treatment was associated with a modest decrease in TREC frequency within circulating naive T cells (Table 3) . While GH-associated increases in thymic density and PBMC TREC frequency strongly suggested enhanced thymopoiesis, the discordant results of unchanged naive T cell TREC frequency were unexpected and led us to consider the possibility that GH treatment might alter naive T cell TREC content through effects on the peripheral compartment, such as changes in naive T cell expansion or trafficking.
GH treatment is associated with increased numbers of circulating CD4 + T cells. CD45RA + CD62L + or CD45RA + CD62L + CD11a dim naive T cells were identified by immunostaining and flow cytometry. As shown in Figure 4A , the inclusion of memory cell integrin CD11a as a phenotypic marker identified a population of CD45RA + CD62L + cells that was also CD11a bright and thus not truly naive (33) (34) (35) . These non-naive CD11a bright cells were particularly common among CD8 + CD45RA + CD62L + cells (median 22.0% of CD8 + CD45RA + CD62L + cells in baseline specimens) and less common among CD4 + CD45RA + CD62L + cells (median 1.9% of CD4 + CD45RA + CD62L + cells in baseline specimens). Changes-from-baseline analysis showed a statistically significant increase in the percentage and absolute number of circulating NCD4 cells after 6 months of GH treatment. These increases were even more pronounced after 12 months of GH treatment, with a 96.4% increase in NCD4 cells, compared with a 17.6% increase in observational controls (P = 0.004; Figure 4 , B and C, left, and Table 2 ). Smaller GH-associated increases in NCD8 cells were not statistically significant ( Figure 4 , B and C, right, and Table 2 ). When CD11a staining was used to more rigorously subdivide CD45RA + CD62L + cells into CD45RA + CD62L + CD11a bright nonnaive T cells and CD45 + CD62L + CD11a dim true naive T cells, GH effects on naive T cell gain were more apparent. This was particularly evident in the CD8 + CD45RA + CD62L + CD11a dim true naive (TNCD8) subpopulation, where GH treatment was associated with a 69.5% increase in the absolute number of circulating TNCD8 cells (versus -13.5% in observational controls; P = 0.023) (Figure 4 , B and C, and Table 2 ). Comprehensive regression analysis including GH treatment data from observational controls who received GH in the second year of the study confirmed substantial effects of GH on naive CD4 + T cells and modest effects on TNCD8 cells (Figure 4 , D and E, and Table 3 ).
Total CD4 + T cells also increased with 1 year of GH treatment (CD4 + T cell count: +40.1% versus +10.9% in GH arm and observational controls, respectively; P = 0.031) ( Figure 5 , A and B, and Table 2 ). Comprehensive regression analysis estimated that gains in the percentage of CD4 + T cells were greater with GH treatment (15.3% higher versus no GH; P = 0.007), as were gains in the total CD4 + T cell count (14.7% higher versus no GH; P = 0.082) (Figure 5C and Table 3 ). Likewise, GH treatment was associated with a statistically significant increase in the CD4 + /CD8 + T cell ratio (22.0% higher versus no GH; P = 0.002). All study participants with a baseline CD4 + T cell count below 200 cells/μl (n = 5; mean CD4 + T cell count, 149; range, 130-172), who received at least 6 months of GH and had at least 1 year of CD4 + T cell count measurements
Figure 1
Study design: prospective, randomized, open-label crossover study. The twoyear study design is depicted. Eleven participants each were randomized either to receive GH for 1 year (3.0 mg GH subcutaneous injection daily for 6 months, then 1.5 mg daily for 6 months) while continuing their usual ARV (GH Arm); or to continue usual ARV for 1 year and then cross over to GH treatment and ARV in the second year (Control Arm). Unscheduled changes in GH treatment (premature dose reduction, temporary interruption, or permanent discontinuation) were made by the study investigators as indicated for management of AEs. Major time points, number of participants, and details of dropped participant data from the indicated arm are shown. Additional details of study design and data exclusion can be found in Methods. A Two GH arm participants who terminated GH early (after month 6) were followed for 1 year after GH. These data are included in 1-year-post-GH follow-up.
after GH initiation, experienced a sustained (≥2 independent measurements) increase above the clinically significant threshold of 200 cells/μl (mean CD4 + T cell count at last study visit, 261; range, 221-316). In contrast, GH effects on the percentage or number of circulating total CD8 + T cells were minimal ( Figure 5 , A-C).
Evidence of T cell activation was examined by flow cytometric analysis of T cells expressing activation markers CD38 and HLA-DR (DR) or Fas. Changes-from-baseline analysis (Supplemental Figure 2; Table 2 ) suggested an early rise in circulating CD4 + and CD8 + CD38 + DR + T cells in the GH arm that was followed by a decline below baseline by month 12. Fas + T cells also appeared to be reduced in the GH arm. Comprehensive regression analysis revealed that CD4 + CD38 + DR + and CD8 + CD38 + DR + cells were 23.4% lower (P = 0.036) and 32.3% lower (P = 0.010), respectively, with 1 year of GH and that CD8 + Fas + T cells were 22.9% lower with GH (P = 0.006) (all compared with no GH) ( Table 3) .
Other than GH effects on T cells, there were no noteworthy changes in other hematolymphoid lineages with GH treatment, including the number of circulating B lymphocytes, natural killer cells, red blood cells, neutrophils, platelets, or circulating CD34 + cells (data not shown). Although there were no apparent effects of GH treatment on HIV-1 viral load (Table 3; Supplemental Table 2 ), our ability to study this parameter was limited by study exclusion of those with high baseline levels of viremia and by the paucity of detectable viremia in most study participants (no detectable viremia was measured in 16 of 21 study participants throughout their study participation, and only low and sporadic bursts of viremia were detected in the remaining study participants). Therefore, no general conclusions can be made regarding the effect of GH on HIV-1 replication and, reciprocally, no conclusions can be made with regard to the impact of HIV-1 viremia on GH effects on the immune system.
Increases in circulating IGF-1 are associated with immunologic changes.
As expected, GH treatment was associated with increased circulating levels of IGF-1. Regression analysis showed peak increases in IGF-1 1 month after GH initiation (113.8% higher versus no GH; P < 0.0001), with sustained increases throughout GH treatment (Supplemental Figure 3 ; Table 3 ). Because IGF-1 mediates many metabolic effects of GH, we investigated whether IGF-1 gains might mediate immunologic changes in GH recipients. Linear regression analysis revealed significant interactions between IGF-1 gain and immunologic changes with GH treatment (Figure 6 ). GH recipients with an IGF-1 gain equal to or greater than the cohort median (≥2.2-fold increase, or "higher IGF-1 gain") had significantly greater increases than those with less than 2.2-fold IGF-1 gain ("lower IGF-1 gain") in the following outcomes: thymic volume, PBMC TREC frequency, percentage and number of circulating NCD4 cells, percentage of CD4 + T cells, CD4 + /CD8 + T cell ratio; and significantly greater decreases in the percentage and number of circulating CD8 + CD38 + DR + cells. GH recipients with higher gains in IGF-1 also experienced greater gains in CD4 + T cell count (24.4% higher versus no GH; P = 0.012) and circulating IL-7 levels (65.1% higher versus no GH; P = 0.042) ( Figure 6 ; Supplemental Figure 3 ; Tables 2 and 3 ). Gains in thymic density appeared similar regardless of GH-associated IGF-1 gain. Of particular interest was the finding that higher gains in IGF-1 appeared to be associated with decreases in naive T cell TRECs. GH recipients with higher IGF-1 gains had a 19.1% decrease in NCD4 TRECs (compared with a 36.8% increase in those with lower IGF-1 gains; P = 0.077) and a 35.6% decrease in NCD8 TRECs (compared with a 58.8% increase in those with lower IGF-1 gains; P = 0.030). These findings are consistent with the possibility that IGF-1 may promote naive T cell expansion and dilution of naive T cell TRECs. Effects after GH discontinuation. Analysis of 8 study participants examined whether the effects of GH disappeared or persisted in the 3-month period after GH discontinuation. Comparison of immune measurements taken at the end of GH treatment and 3 months after GH discontinuation revealed additional increases in the percentage (+21.1%, P = 0.008) and absolute number (+45.1%, P = 0.0003) of circulating NCD4 cells. In addition, the percentage (+10.8%, P = 0.020) and absolute number (+17.1%, P = 0.014) of circulating CD4 + T cells increased significantly. NCD8 cells also increased in the 3-month period after GH discontinuation (+23.8%, P = 0.0003). Using regression models, the cumulative effects of 12 months of GH and 3 months after GH discontinuation were estimated as a
Figure 2
GH treatment is associated with the emergence of dense thymus tissue in HIV-1-infected adults. Representative scans are shown for 9 study participants (numbered 1-9). (A) Cross-sectional comparison of thymus scans from 3 control arm participants (1-3, left panel, no GH) and 3 GH arm participants (4-6, right panel, GH) during the first 6 months of the study. All baseline scans showed low attenuation grayish black adipose tissue in the anterior mediastinum (arrows), consistent with thymic involution. Repeat CT scans obtained 6 months after the baseline scans revealed a marked increase in thymic density in GH recipients (far-right column). This brighter higher-attenuation tissue is consistent with cellular thymus. In contrast, no changes were observed in the absence of GH (second column from left). (B) Longitudinal display of serial thymus CT scans from 3 control arm participants (nos. 7-9) taken at study baseline; 6 months into the study in the absence of GH; pre-GH baseline 12 months into the study; and 18 months into the study after 6 months of GH treatment. As seen in the cross-sectional comparisons, thymus is involuted in the absence of GH, and GH treatment (far-right column) is associated with the emergence of dense thymus tissue.
Figure 3
GH treatment is associated with increased thymic density and TREC frequency in HIV-1-infected adults. (A) Comparison of changes in the GH arm versus the control arm over the first year of the study demonstrated significant increases in thymic density in GH recipients at 6 and 12 months after GH initiation. A modest, nonsignificant decrease in thymic density was observed between month 6 and month 12, commensurate with GH dose reduction and consistent with a dose-response effect of GH on the thymus. No notable changes in thymic density were seen in the absence of GH. (B) The frequency of PBMC TRECs was also increased with GH treatment during the first year of the study. (C) Comprehensive regression analysis, including crossover data of GH treatment of observational controls, demonstrates that GH treatment (circles) is associated with significant increases in thymic density and PBMC TREC frequency compared with no GH. Estimated changes with 95% CIs are displayed. Regression analysis estimated the effects of 6 months (thymic density) or 1 year (PBMC TRECs) of GH treatment compared with changes in the absence of GH. Median values are displayed in A and B. CIs and additional data are shown in Tables 2 and 3. *P < 0.05 for comparison of GH versus no GH.
127.2% increase in NCD4 cells and a 32.4% increase in the CD4 + T cell count. CT analysis of 7 study participants showed an involuted thymus in all 7 at 1 year after GH discontinuation (Supplemental Figure 4 ). Although the thymus had involuted, changes-frombaseline analysis of T cell gains 1 year after GH discontinuation showed a sustained increase in NCD4 cells (+119% compared with pre-GH baseline; P = 0.063) and CD4 + T cell count (+29% compared with pre-GH baseline; P = 0.063). Because only 7 participants had been followed for a full year after GH discontinuation at the writing of this article, it is not possible to draw a firm conclusion about extended post-GH immune outcomes at this time.
Baseline predictors of thymic response to GH treatment. Repeatedmeasures regression analysis was performed to determine whether baseline clinical characteristics (e.g., CD4 + T cell count, age, or duration of stable ARV) might influence GH effects on the thymus (Supplemental Table 1 ). Gains in thymic density were significantly greater in those with baseline CD4 + T cell counts above the cohort median of 227 cells/μl, and there was a nonsignificant trend toward greater thymic density gains in those at or below the median cohort age of 50. Duration of stable ARV did not appear to influence GH-associated changes in thymus.
Somatotropic hormones such as GH and IGF-1 are thought to enhance thymopoiesis, whereas sex steroids often have a negative effect on thymic function (24, 36) . We examined whether baseline differences in somatotropic or androgenic hormones might influence thymic response to GH treatment (Supplemental Table 1 ). GH-associated gains in thymic density were strikingly higher in those with baseline circulating IGF-1 levels above the cohort median of 179.5 pg/ml and in those with peak baseline GH secretion levels above the cohort median of 24.2 ng/ml. Thymic volume increase was lower in androgen recipients and greater in those with higher baseline peak GH levels. In regression analysis controlled for androgen receipt, however, there appeared to be little effect of androgen therapy on GH-associated changes in thymic density, the percentage or absolute number of NCD4 or NCD8 cells, the CD4 + T cell count, the CD4 + T cell percentage, or the frequency of TRECs. Adverse effects of GH treatment. Ninety-five percent of GH recipients experienced adverse events (AEs) of grade 2 or higher. Most GH-associated AEs were well-described effects of GH treatment, including arthralgias, abnormalities in glucose metabolism, edema, and carpal tunnel syndrome. Table 4 shows the most common and noteworthy AEs of this study. We unexpectedly recorded 3 cases of tenosynovitis of the hand. In 2 of these cases, symptoms evolved 6 or more months after GH discontinuation. All cases evolved in the context of at least moderate levels of repetitive hand activity. Three individuals who screened (n = 1) or enrolled (n = 2) into the study were incidentally diagnosed with lymphoma by radiographic scans performed as a part of the study protocol. Two of these 3 participants did not receive any GH.
Discussion
Age-associated decreases in thymic function significantly hinder immune reconstitution in immunodeficient adults. We have hypothesized that thymic function can be pharmacologically enhanced in humans and herein present strong support for this hypothesis. In this prospective randomized analysis of HIV-1-infected adults, GH treatment was associated with robust increases in thymic density, frequency of circulating TRECs within PBMCs, and the number of circulating naive CD4 + T cells. Similar changes were not observed in those who did not receive GH. These data offer compelling evidence that GH enhances human thymopoiesis. Additionally, increased PBMC TREC frequency and T cell gains were most pronounced in GH recipients with higher gains in circulating IGF-1 levels. These findings suggest that IGF-1 occupies an important role in GH-mediated enhancement of T cell production and offer fundamental insight into the mechanism of GH effects on the human immune system.
Further, these findings demonstrate that declines in thymic function are reversible in human adults. Beyond the implications for the development of therapies for HIV-1 disease and bone marrow transplantation, this work also establishes a basis for additional mechanistic and functional studies of thymic recovery.
GH treatment induced striking radiographic changes in the thymus by 6 months, along with sizeable increases in PBMC TREC frequency and circulating naive T cells, indicating enhanced thymic function. Given the close proximity of the thymus to the heart and lungs, histologic confirmation of thymic hyperplasia could not be obtained due to high biopsy risks. Nevertheless, animal studies reporting histologic evidence of thymic hyperplasia with GH treatment (26, 27) , in addition to other corroborating data in this study, suggest that the observed radiographic changes represent functional thymus.
Recent thymic emigrants (RTEs) and naive T cells initially traffic to lymphoid tissues. Therefore, GH-associated increases in peripheral lymphocytes may have begun before such changes were detected in peripheral blood, and increases in TREC frequency and naive T cells may have been underestimated. Nevertheless, the number of circulating CD4 + CD45RA + CD62L + naive T cells increased markedly with GH treatment. Small increases were also noted in the absence of GH that were comparable to those reported in other HIV-1-infected individuals with good virologic suppression (6, 37) . Despite enhancing thymopoiesis, GH treatment did not substantially increase the number of CD8 + CD45RA + CD62L + naive T cells. However, after non-naive CD8 + CD45RA + CD62L + C D11a bright cells were excluded, we did detect considerable gains in naive CD8 + CD45RA + CD62L + CD11a dim cells. CD11a is expressed on CD8 + CD45RA + T cells in HIV-1-seronegative and untreated HIV-1-seropositive individuals and is associated with functional characteristics of memory effector cells (33) (34) (35) . In our ARVtreated subjects, CD11a was expressed on nearly a quarter of CD8 + CD45RA + CD62L + cells. This finding adds to evidence (38, 39) supporting the use of multiple phenotypic markers to identify naive CD8 + T cells in HIV-1 disease.
GH treatment significantly decreased the percentage and number of T cells bearing activation markers. Although the mechanisms of this effect are unclear, GH or IGF-1 may diminish immune activation, as STAT5, a major GH signaling molecule, is necessary for regulatory T cell function (40, 41) and IGF-1 has been shown to increase T cell production of the regulatory cytokine IL-10 (42).
Although GH and IGF-1 enhance multilineage hematopoiesis (26, (43) (44) (45) (46) , GH treatment did not appear to be associated with substantial changes in circulating hematopoietic cells. The number of circulating CD34 + cells (a population that presumably includes prethymic progenitor cells) was not altered. This finding suggests that GH does not enhance thymopoiesis by enhancing bone marrow export of prethymic progenitor cells. We cannot, however, rule out potential effects of GH or IGF-1 on the ability of progenitor cells to successfully engraft and develop in the thymic microenvironment (47) .
IGF-1, a proximal mediator of the metabolic action of GH, had a key role in the immunologic effects of GH treatment. After 1 year, subjects with higher gains in circulating IGF-1 had 93% more naive CD4 + T cells, 24% more total CD4 + T cells, and a 235% increase in PBMC TREC frequency compared with subjects not receiving GH. However, GH treatment increased thymic density regardless of IGF-1 gains. This may indicate that GH exerts direct effects on the thymus or that its thymic effects are mediated by IGF-1 in a primarily paracrine manner (48) . Nevertheless, baseline levels of IGF-1 and GH secretion were strong and independent predictors of the thymic response to GH, and it is possible that higher basal somatotropic tone may preserve the ability of the thymus to recover function.
While GH-associated gains in thymic density, PBMC TREC frequency, and naive T cells point strongly to enhancement of thymopoiesis, there are alternative interpretations of these data. For instance, since an increased frequency of naive T cell TRECs has been reported in association with increased thymic function in humans (22, 23) , it is not clear why an increase in naive T cell TREC frequency was not observed in our GH recipients. This observation raises the possibility that gains in T cells and PBMC TREC frequency may be due to other GH effects, such as decreased T cell activation. Although analysis of mechanisms was not a primary goal of the study, we explored this possibility further by using repeated-measures regression models to estimate how much of the effect of GH on major outcomes of interest (NCD4 count, total CD4 + T cell count, and PBMC TREC frequency) might be mediated by changes in 3 key variables: thymic density, circulating IGF-1, and T cell activation (data not shown). The results, combined, suggest an important role for IGF-1 on both central and peripheral compartments, a complementary role of thymic density, and no evident role of T cell activation. More specifically, the models estimate that GH-associated increases in NCD4 cells would be 52% lower in the absence of GH-associated increases in circulating IGF-1 and 71% lower in the absence of GH-associated changes in IGF-1 and thymic density. A similar role for IGF-1 and thymic density was found for GH-associated gains in total CD4 + T cells. Gains in PBMC TREC frequency also appeared to be highly dependent on IGF-1, suggesting that IGF-1 is a major indicator (and probable mediator) of most GH effects on the immune system. Additional statistical models suggest that altered T cell activation does not appear to influence GH-associated gains in T cells or PBMC TREC frequency. Another possible explanation for the unexpectedly low frequency of naive T cell TRECs is that GH treatment led to altered trafficking of RTEs. Thus, murine studies have demonstrated that GH therapy promotes the accumulation of RTEs in peripheral lymphoid tissues by increasing RTE expression of adhesion molecules (49, 50) . IL-7 and thyroid hormone also have been found to promote accumulation of TREC-bearing naive T cells and RTEs in lymphoid tissues (51, 52) .
Finally, the discrepancy between PBMC and naive TREC findings raises yet another important mechanistic question: are GHassociated T cell gains attributable to increased thymic function, peripheral expansion, or both? In this respect, we postulate that GH treatment enhances both thymopoiesis and peripheral naive T cell expansion, possibly through the effects of IGF-1. Evidence for central (thymopoietic) effects of GH and IGF-1 in this study include: (a) prominent increases in thymic density, PBMC TREC frequency, and naive T cells with GH treatment; (b) gains in thymic density in the GH arm that were positively correlated with gains in the percentage and absolute count of NCD4 cells (Spearman rank correlation coefficients were ≥0.70 and reached [P < 0.05] or trended toward [P < 0.12] statistical significance [data not shown]); and (c) a 235% increase in PBMC TREC frequency (P = 0.0001) in those GH recipients with higher gains in IGF-1. Similarly, repeated-measures analysis (described above) estimates that the level of circulating IGF-1 measured 1 month after GH initiation appears to explain 80%-100% of PBMC TREC frequency increases. Data from this study also suggest that GH treatment increases naive T cell expansion in the periphery. Thus, higher GH-associated gains in IGF-1 were associated with an increased frequency of PBMC TRECs but a decreased frequency of naive T cell TRECs. Higher gains in IGF-1 were also associated with a markedly higher increase in NCD4 cells. These findings suggest that IGF-1 may enhance naive T cell expansion, a hypothesis that is supported by ex vivo data from our laboratory demonstrating that human naive T cells express high levels of IGF-1 receptor and that IGF-1 treatment directly enhances human naive T cell proliferation (L.A. Napolitano, unpublished observations).
Given the above consideration, we propose that GH-associated increases in thymic density, PBMC TREC frequency, and NCD4 cells represent de novo T cell production, with possible increases in peripheral T cell expansion. GH treatment was associated with a 30% increase in the CD4 + T cell count, whereas the 1-year increase in the absence of GH was 13%, representing a 2.4-fold increase in CD4 + T cell recovery over 1 year (absolute increases of 73 versus 30 cells/μl per year, respectively). Of note, CD4 + T cell gains continued at least 3 months beyond GH discontinuation, and analysis of 7 patients suggested that, despite reinvolution of the thymus, T cell gains persisted for at least 1 year after GH discontinuation. Five GH recipients with a baseline CD4 + T cell count of less than 200 cells/μl experienced a sustained increase above the clinically significant threshold of 200 cells/μl, with mean CD4 + T cell counts increasing from a baseline of 149 to 261 cells/μl at the final study visit. While these findings hold great promise, additional research is necessary to determine whether thymic recovery is associated with correlates of immune protection. It is feasible that enhanced thymopoiesis may generate increased breadth of the TCR repertoire. Such changes could improve immunity against pathogens, including HIV-1. It is also important to determine whether a recovered thymus retains the ability to successfully execute positive and negative selection so that newly made T cells provide effective immune protection without increased autoreactivity. Additional studies are warranted to further explore the effects of GH on the quality of immune function and to explore specific mechanisms of GH effects on the central and peripheral immune compartments.
The encouraging results of this study invite further consideration of how enhancement of thymopoiesis might be applied to the care of patients with HIV-1 infection. Individuals with advanced lymphopenia despite effective ARV and extended virologic suppression (such as the participants in this study) are likely to have thymic involution (2) and would be most likely to benefit from enhanced thymopoiesis. It is also possible that therapies designed to enhance thymopoiesis may offer benefit if coadministered at initiation of effective ARV. Nevertheless, we do not believe that the findings of this study support the general use of GH treatment in the setting of HIV-1 disease at this time, as it is not possible to determine whether these GH-associated changes in immunologic correlates confer true clinical benefit. Also, the predominance of white males in our study, and the selection of individuals most likely to benefit from increased thymopoiesis, may limit the generalizability of our findings. Finally, this study included only ARV-treated patients with well-suppressed HIV-1 viremia. The use of GH in the setting of uncontrolled HIV-1 replication has not been studied, and therefore, its use should be avoided in the absence of virologic control.
GH has been safely administered to HIV-1-infected patients for wasting and in research studies of HIV-1 lipodystrophy (30, (53) (54) (55) (56) . Most AEs in this study were mild and resolved with time or adjustment of GH dosing. Nonetheless, the potential benefit of GH must be weighed against the potential toxicity of treatment. Although we excluded enrollment of those at greatest risk for GH toxicity, we documented several adverse effects of GH treatment. Dose adjustment or discontinuation was required for diabetes or hyperglycemia in 22% of GH recipients, despite normal baseline glucose tolerance. All glucose abnormalities resolved with GH discontinuation. Of greater concern were 3 cases of lymphoma - 2 in patients who did not receive GH - detected incidentally by radiographic studies during screening or study visits. Since lymphoma is relatively common in the setting of advanced immunodeficiency, subjects at highest risk for lymphoma would likely be included in any study of immune reconstitution. This possibility should be considered in the design of future studies with GH, or other potential immune-based therapies such as IL-7, and emphasizes the need to identify the specific mechanisms that mediate thymic recovery so that more narrowly targeted therapies can be developed.
In summary, we have shown that GH treatment is associated with enhanced thymopoiesis and peripheral T cell recovery. Many immune effects appear to be mediated by IGF-1, and it is possible that GH or IGF-1 also enhances T cell gains by promoting expansion of peripheral T cells. To our knowledge, this is the first intervention to successfully increase thymic function in humans. These promising findings have significant applications for the development of immune-based therapies in HIV-1 disease and other immunodeficient states and present substantial opportunity to explore mechanisms that mediate thymic recovery.
Methods

Study design and participants
Twenty-two participants were enrolled into a single-center, 2-year prospective, randomized, open-label, crossover study that was approved by the Committee on Human Research of UCSF. One-half of the participants were randomized to receive GH in the first year (GH arm), and one-half were randomized to receive GH in the second year (control arm) (Figure 1 ). All study visits took place at the San Francisco General Hospital (SFGH) Clinical Research Center (CRC), where participants completed a symptom questionnaire and underwent a history and physical exam, phlebotomy, radiographic studies, oral glucose tolerance testing, and GH secretion testing at various time points. All study analyses were performed at identical intervals for the GH arm and observational control arm during the first year of the study. In the first year, thymus CT scans were performed at baseline, month 6, and month 12. Immune analyses and IGF-1 assays were performed every 1-3 months, except for the analysis of true naive T cells, which was performed every 6 months throughout the study. Observational control participants were tested at identical intervals in years 1 and 2 of the study, so changes that occurred with crossover to GH treatment could be compared. Post-GH visits of GH arm participants were performed every General body: arthralgia, myalgia, tenosynovitis, diaphoresis, fatigue, insomnia 27 (13)
A The most common and noteworthy AEs of this study are shown. Ninety percent of GH recipients experienced at least one grade 2 or higher AE that was considered to be definitely or probably related to GH. Eighty-nine percent of those who were untreated or off GH reported at least one grade 2 or higher AE, and none were considered to be definitely or probably related to GH. B In total, 123 grade 2 (86%) or higher (14%) AEs were recorded during the study, and 63% occurred in GH recipients. Forty-nine percent of AEs in GH recipients were considered to be definitely or probably related to GH, and 38% possibly related to GH. The total number of events for each AE is shown, with the number of participants experiencing each AE in parentheses. C Receipt of GH within the previous 3 months. D Includes pretreatment baseline values for all enrollees; longitudinal data from untreated controls; and data from those who had not received GH for more than 3 months.
3-6 months: immune analyses were performed 3, 6, and 12 months after GH discontinuation, and thymus CT scan was repeated 1 year after GH discontinuation. All visits occurred in the morning, and participants fasted for at least 8 hours before each visit. Major inclusion criteria included: age of at least 18; serologic or viral load documentation of HIV-1 infection; effective ARV without intensification for at least 1 year; documentation of CD4 + T cell count of less than 400 cells/μl at least once within the past 6 months and at screening visit; and documentation of viral load of less than 1,000 copies/ml for at least 1 year and at screening visit. Major exclusion criteria included: abundant thymus by CT scan (thymic index >2; ref. 15); abnormal glucose metabolism as defined by fasting blood glucose of greater than 110 mg/dl or 2-hour oral glucose tolerance test with 2-hour glucose of greater than 140 mg/dl, or diabetes; preexisting neoplasm excepting limited cutaneous Kaposi sarcoma or skin malignancy; preexisting carpal tunnel syndrome without surgical release; preexisting pancreatitis; active cardiac disease; circulating levels of liver or pancreatic enzymes 3-fold greater than the upper limit of normal; prior administration of immunomodulatory treatment or high-dose chemotherapy; pregnancy or breast-feeding; and severe illness or active AIDS-defining opportunistic infection within 1 month of enrollment.
Thirty-three consenting candidates were screened, and 22 participants were enrolled. Although the study was open to women, all participants were male. Seventeen participants were non-Hispanic and white, and 1 participant was non-Hispanic and more than 1 race. Two participants were Hispanic and more than one race, 1 was Hispanic and white, and 1 was Hispanic with unknown race. At study entry, 2 participants provided confirmation of chronic HCV infection, 17 provided confirmation of (n = 4) or self-reported (n = 13) negative HCV testing, and 3 had unknown HCV status. Twelve participants were receiving ongoing stable androgen therapy (physiologic replacement) at the time of study enrollment. The median duration of therapy was 2 years in the GH arm and 4 years in the control arm (P = 0.27). Indications for androgen therapy were hypogonadism (n = 7), hypogonadism with AIDS wasting syndrome (n = 4), or AIDS wasting syndrome with probable hypogonadism (n = 1). Participants were required to continue on effective ARV throughout the study. Changes in ARV regimen were permitted during the study if performed by the participant's primary care provider. ARV discontinuation resulted in termination from the study.
Nine participants were terminated from the study prior to 24 months: 5 from the GH arm and 4 from the observational control arm. Five early terminations occurred as a result of premature GH discontinuation. Four additional early study terminations were due to illness (n = 2), cessation of ARV (n = 1), or elective study withdrawal (n = 1).
GH treatment
Participants were treated with recombinant human GH (Serono Inc). Per protocol, the initial GH dose was 3 mg/d (30-40 μg/kg/d) administered by subcutaneous injection on an outpatient basis, followed by dose reduction to 1.5 mg/d for the final 6 months of the treatment period. GH was administered between 7 and 10 p.m. Premature GH dose reduction was prescribed as indicated by AEs. Early discontinuation of GH was prescribed by the study investigators in 3 instances: 2 due to diabetes and 1 due to carpal tunnel syndrome. Premature GH discontinuation, not indicated from a toxicity standpoint, was performed by 2 study participants without consulting the study team. In 7 additional participants, GH dosing was held temporarily or prematurely reduced by at least 50% to manage AEs. The median duration of GH treatment was 96% (11.5 months) of the planned 1-year treatment, and the median cumulative GH dose was 91% of the planned cumulative study dose in GH arm participants.
Thymus analysis
Noncontrast helical CT images of the thymus were obtained with 120 kVp and 90 mA on a single-slice helical CT scanner (CT/i; GE Medical Systems). Contiguous 5-mm images were acquired from the sternal notch to the base of the heart and analyzed by a thoracic radiologist on an offline workstation (Advantage Windows; GE Medical Systems) blinded to the treatment status of the participants being analyzed. Thymic index (TI) was assigned by the radiologist as previously reported (15), and computer-based density and volume analysis of thymus was performed by the radiologist as described previously (31) (Supplementary Figure 1) . Density estimation was reported in HU, referenced with respect to water (structures with density greater than water have HU >0, and those less dense than water have HU <0). Agreement between the TI and computerbased density measurement was strong (r = 0.81, P < 0.0001), and changes in TI closely paralleled HU changes.
Laboratory measurements
Flow cytometry. Analysis of circulating mononuclear cells was conducted on freshly acquired whole-blood specimens using multiparameter flow cytometry. This work was performed in the UCSF Core Immunology Laboratory by individuals blinded to treatment status. Whole blood (100 μl) was incubated with fluorochrome-conjugated antibodies directed against phenotypic surface antigens. The following antibody panels were used: CD45-FITC/CD16+CD56-PE/CD19-ECD/CD3-PC5; CD45RA-FITC/ CD62L-PE/CD4 or CD8-ECD/CD3-PC5; DR-FITC/CD38-PE/CD4 or CD8-ECD/CD3-PC5; CD27-FITC/CD28-PE/CD4 or CD8-ECD/CD3-PC5; CD8-FITC/CD95-PE/CD4-ECD/CD3-PC5; and CD7-FITC/CD34-PE/CD45-PC5; antibodies directed against DR, CD38, CD27, CD28, CD95, CD7, and CD34 were from BD Biosciences, and the remaining antibodies were from Beckman Coulter. For analysis of true naive CD4 + or CD8 + T cells, CD11a-FITC (BD Biosciences - Pharmingen)/CD45RA-ECD (Beckman-Coulter)/CD62L-APC (eBioscience)/CD4-PE-Cy7 (BD Biosciences)/CD8-APC-Cy7 (eBioscience)/CD3-Pacific Blue (BD Biosciences - Pharmingen) were used. Red blood cells were lysed after antibody incubation. Data acquisition and analyses were performed using a Coulter Epics XL flow cytometer with System II software, version 3.0 (Beckman Coulter), with the exception of the true naive panel, which was acquired on a BD Digital Vantage or LSRII flow cytometer and analyzed by Flow Jo (Tree Star Inc) software. CD34 + cells were gated as CD45 + , side-scatter low, and CD34 + . Due to the low number of CD34-positive cells, a control sample of CD34-positive cells (CD-Chex CD34; Streck Laboratories) was included for quality control with each measurement.
Clinical laboratories. Routine laboratory tests, including complete blood count with differential; CD4 + and CD8 + T cell percentage and cell count; HIV-1 viral load analysis (Bayer; Versant HIV-1 RNA 3.0 bDNA assay); HIV-1 serology; and complete chemistry panel including pancreatic enzymes, fasting lipids, and glucose measurements were performed by the SFGH Clinical Laboratory. Two-hour oral glucose tolerance test was performed with glucose measurements drawn at baseline and 2 hours after oral ingestion of a 75-g dextrose load.
Hormone analysis
IGF-1 assay. IGF-1 levels were measured in duplicate from serum (stored at -20°C until analysis) by the SFGH CRC Core Hormone Laboratory using an immunoradiometric assay (Nichols Institute Diagnostics).
GH assay. GH secretion was measured on the day of study enrollment using standardized stimulation testing. An intravenous bolus of 1 μg/kg GH-releasing hormone (GHRH) (Geref Diagnostic; sermorelin acetate for injection, Serono Inc.) was given, followed immediately by intravenous administration of 0.5 g/kg arginine hydrochloride (maximum dose 30 g) administered over 30 minutes. Blood was collected -15, 0, 15, 30, 45, 60, 90, and 120 minutes relative to GHRH administration. Serum was frozen at -20°C until analysis. Specimens from all time points were analyzed in duplicate by the SFGH CRC Core Hormone Laboratory, using the Human Growth Hormone Enzyme Immunoassay Kit (American Laboratory Products Co.). The level of peak GH secretion was identified as the specimen with the highest GH value. GH deficiency was defined as peak GH secretion less than 7.5 ng/ml at study entry (n = 3) (57). GH peak ranged from 10.4 to 50.6 ng/ml in the remaining participants.
TREC analysis
PBMCs were purified by standard Ficoll gradient centrifugation. After cell washing and aspiration of all supernatant, cells were stored as a dry pellet of 1 million cells at -80°C until analysis. NCD4 or NCD8 cells were purified from freshly ficolled PBMCs by cell sorting on a standard or digital BD FACSVantage flow cytometer and stored at -80°C until analysis. Just prior to performing PCR, DNA was isolated from the cell pellet using a QIAamp DNA Blood Mini Kit (QIAGEN) according to the manufacturer's instructions. Purified DNA was quantified and satisfactory quality confirmed by the optical density 260:280 ratio.
Delta-deletion "signal joint" TRECs formed by δRec-ψJα rearrangement were amplified using a highly sensitive nested PCR assay (adapted from refs. 22, 58). First-round PCR was performed in a 100-μl reaction containing 150 ng of purified DNA in magnesium-containing PCR buffer with dNTPs and Ex Taq DNA Polymerase (all from Takara) and outer TREC primers 5′-CAGCCCTCTCCAAGGCAAAAT-3′ (forward) and 5′-ACATTT-GCTCCGTGGTCTGTG-3′ (reverse). The reaction used a 10-minute melting step at 94°C, followed by 30 seconds at 94°C, 30 seconds at 60°C, and 2 minutes at 72°C for 25 cycles. One-tenth (10 μl) of first-round product was removed in duplicate into a second-round real-time amplification in a 30-μl reaction containing Taqman Universal PCR Mix (Applied Biosystems) with dNTPs, Ex Taq DNA Polymerase, and internal TREC primers 5′-CCCTTTCAACCATGCTGACAC-3′ (forward) and 5′-GGGTGCAGGT-GCCTATGC-3′ (reverse). The reaction was performed at 50°C for 2 minutes, 95°C for 2 minutes and 40 cycles of 95°C for 15 seconds followed by 58°C for 1 minute. TRECs were quantified by real-time PCR using a fluorescently labeled oligonucleotide as a reporter probe: 5′-TCTGGTTTTTG-TAAAGGTGCCCACTCCTG-3′. An ABI PRISM 7700 (Applied Biosystems) was used for amplification and detection, and ABI sequence detection system software was used for standard curve generation and quantification.
TREC abundance was normalized to cell number by parallel nested PCR amplification of the chromosomal gene, β-globin. Outer probes 5′-GAGGGCTGAGGGTTTGAAGT-3′ (forward) and 5′-TTGCCCCA-CAGGGCAGTAACGGCAGA-3′ (reverse) were added with outer TREC primers to the first-round PCR reaction described above. As above, onetenth of the first-round product was removed in duplicate to a secondround real-time amplification performed in parallel in a manner identical to that described for TRECs, but instead using inner β-globin primers 5′-GAAGAGCCAAGGACAGGTACG-3′ (forward) and 5′-CCAACCCTAGGGT-GTGGCT-3′ (reverse). β-Globin was quantified with the oligonucleotide probe 5′-CACAGGGTGAGGTCTAAGTGATGACAG-3′.
Data are expressed as TRECs per 10 5 cells using mean values from duplicate real-time assays for both TREC and β-globin. Because there are 2 β-globin copies per cell, the TREC content was calculated as: [(mean TREC quantity / mean β-globin quantity) × 2] .
Serial dilutions of a standard plasmid control containing TREC and β-globin sequences were run in every plate to generate standard curves for quantification. Standard stocks were characterized for PCR amplicon quantities repeatedly over time and used as a quality assurance measure of all reagents for run-to-run variability. We confirmed that the nested PCR amplification was in the linear range of the assay for both β-globin and TRECs through both rounds of amplification. Optimal conditions were determined to be 150 ng of input DNA with 25 rounds of initial PCR followed by a 1:10 dilution of first-round PCR product into 40 rounds of real-time PCR quantification. The intra-assay and inter-assay coefficients of variation were 5.0% and 8.6%, respectively.
IL-7 measurement
EDTA plasma specimens were stored at temperatures of -80°C or less. Aliquots were thawed and analyzed in duplicate using a commercially available, high-sensitivity immunoassay (Quantikine HS IL-7 Immunoassay Kit; R&D Systems).
Statistics
At the time of data analysis, all participants had completed their first year of the study in accordance with the predefined primary analysis point, with the exception of the final study participant (control arm), who enrolled substantially later than the others. Data were included for 21 study participants: 17 GH recipients (including all GH arm participants and data from 6 observational controls who crossed over to GH) and 11 observational controls. All data for 1 of the observational controls were excluded retrospectively due to progressive laboratory test derangement and the development of lymphoma 6 months into the study. Data exclusion was otherwise performed under the following predefined circumstances: (a) all data were excluded from participants who did not complete 6 or more months in either the GH arm or observational control arm; (b) GH data were excluded if an observational control participant did not tolerate GH for at least 6 months; and (c) data from individual time points were omitted due to systemic illness, laboratory error, or technical barriers. Two particular technical barriers led to the absence of baseline PBMC TREC specimens for the first 4 study participants (causing a lower n value for most PBMC TREC analyses) and the inability to quantify thymic density on CT scans after January 2006. All exclusions reflect the biological focus of this early investigation, for which a strict intention to treat analysis would be less suitable.
During the first year of the study, immunologic analyses were performed at identical intervals for both study arms. Effects of GH were estimated in 2 ways. First, changes from baseline to specific follow-up time points during the first year of the study were summarized separately for the 2 arms and compared by the nonparametric Mann-Whitney U test (P ≤ 0.05 was considered statistically significant). This parallel group analysis of changes from baseline did not take into consideration early dose reduction or discontinuation of GH and did not include GH treatment data obtained in the second year of the study, when observation arm participants crossed over to GH treatment. Second, repeated-measures regression with random subject effects was performed using the MIXED procedure in SAS (version 9.1; SAS Institute) to estimate the effects of GH treatment using data from all time points together in comprehensive models. In this analysis, effects of GH were calculated using a larger number of participants and data points, including data from observation arm recipients who received GH in the second year of the study. This analysis also accounted for early discontinuation of GH. Repeated-measures regression analysis estimated the effects of 1 year of GH treatment, with the exception of thymic density and circulating IGF-1 levels, for which peak effects of GH were estimated at 6 and 1 month, respectively. We also assessed the possible mediating role of GH-induced IGF-1 increases by adding an interaction term to permit differing GH effects for those with higher versus lower initial IGF-1 responses. In addition, we included interactions of GH effect with baseline values of IGF-1 (dichotomized at median), peak GH secretion level (dichotomized at median), and age (dichotomized at 50) to assess which patients may be most likely to benefit from GH.
We assessed the assumption of a linear effect of cumulative time on GH by adding quadratic terms to the models. In cases of suspected nonlinearity, we further examined linear spline models in which the effect of time on GH could change slope at 6 months (the time of scheduled dose reduction) or 3 months. We also examined models that assumed an acute effect of GH that was already present at 1 month and remained constant thereafter. For some outcomes, we believe that relative changes are more meaningful than raw changes, so we modeled these after logarithmic transformation, with estimated effects back-transformed to estimated percentage changes. In addition, this tended to produce less violation of the assumption of normally distributed residuals in these cases. Where normality still appeared to be violated, we also note the results of the nonparametric parallel group analyses described above. Except in 1 case (PBMC TREC analysis), the nonparametric analyses provided qualitative confirmation of the regression results despite non-normality of the residuals. We did not pursue bootstrapping of the regression models because that approach might not perform well with our relatively small number of subjects. As a sensitivity analysis, we also modeled the effect of GH in terms of cumulative dose instead of cumulative time on GH. This adjusted for both planned and unplanned dose reductions but produced qualitatively similar results.
Although a number of different comparisons were examined, no formal adjustments for multiple comparisons were used. Because many analyses produced small P values, and the results fit a coherent biological pattern concerning thymic function, the concern addressed by such adjustments - the possibility of falsely rejecting the global null hypothesis of no effect of GH on any outcome measure - is not an issue. In addition, we note that such adjustments would ignore the biological relationships among the different measures and treat each analysis as detracting from the other, which is exactly the opposite of the reinforcing effect each has on the other from a scientific point of view. Such adjustments would ignore the biological relationships among the different measures and the clear a priori expectations concerning the directions of the GH effects.
